Strained p-Si 1-x Ge x (x = 5.3%, 10.2% and 15.4%) was irradiated at room temperature with 160 keV 166 Er 2+ ions to a fluence of 1×10 10 or 3×10 13 Er/cm 2 . The defects induced by ion implantation were investigated experimentally using high-resolution X-ray diffraction, Rutherford electronic properties as those of defects detected after electron beam deposition and alpha particle irradiation. Therefore, it is concluded that these defects are due to the Er implantation-induced damage and not to the Er species specifically.
I. Introduction
Erbium doped semiconductor materials exhibits stable luminescence in the near infrared (IR) region, at a wavelength of about 1.54 μm, which is nearly independent of the semiconductor host [1] . This specific wavelength corresponds to the minimum absorption window of optical fibers and is thus of great interest for optical communication technology. Previously, Si:Er visible light emitting diodes (LEDs) have been demonstrated [2] . Consequently, the optical activity of Er in Si has attracted special interest in association with potential applications of optical interconnects in Si chip technology [3] [4] [5] [6] . One of the principal problems in the development of Er doped Si has been the strong quenching behavior of both the photo-and electroluminescence (EL) when in the range 77 K to room temperature [3, 5] . It has been observed that over this temperature range, the photoluminescence (PL) intensity decreases by over three orders of magnitude. However, significant effort has been devoted to the quest for Si based materials compatible with Si technology and able to act as light emitters. For instance, quantum confinement in Si quantum dots has been used as an efficient sensitizer for Er. Doing so, an increase of the effective absorption cross section of Er (10 -14 -10 -16 cm 2 ) by several orders of magnitude to that of Si (~ 10 -21 cm 2 ) as well as an enhancement of the room temperature photoluminescence (PL) have been observed [7] .
Recently, an enhancement of room temperature photololuminescence from Er-Ge co-doped SiO 2 has been also demonstrated [8] . Incorporation of Er in SiGe heterostructures and Si/SiGe quantum wells, either by implantation or during the growth of SiGe by molecular beam epitaxy, also allows an improvement of Er optical activity, due to the carrier confinement and optical confinement [9] .
Moreover, the emission of Er doped SiGe was shown to be much more intense compared to Er doped silicon [9] [10] [11] . The enhancement of the Er luminescence depends strongly on the degree of strain in the SiGe host. The strain may modify the local environment around Er atoms and effectively improved the luminescent properties of Er [12, 13] . Room temperature 1.54 μm electroluminescence from Er doped Si 1-x Ge x light emitting diodes with germanium concentrations of 13% and 25% [14] and Er doped Si/Si 1-x Ge x waveguides with Ge concentrations x of 0%, 12%, and 30% have been reported as well [15] [16] . In this context, an important advantage of SiGe is that it can be easily integrated in the existing Si processing technology.
As is usually the case for semiconductor, ion implantation is the standard technique for selective doping device structures. The advantages of doping by means of ion implantation are the control of the concentration and the depth distribution of the dopants. However, a drawback of this technique is that the nuclear collisions occurring during ion implantation result in significant damage to the crystal lattice. Hence, for application in semiconductor devices, it is therefore important to study the lattice damage generated during the implantation process and its consequences on the electrical and structural properties of the material. The fundamental parameters determining the generation and recovery of defects during channeled and random implantation of high fluence Er implanted Si have been reported in detail [17] [18] [19] . Recently, progress has been made in the composition dependence and the effect of co-doped impurities on the thermal and structural properties of unstrained Si 1-x Ge x (x = 0.1 -0.8) alloys implanted with Er + to a fluence of the order of 10 15 cm -2 [20] . Touboltsev and Jalkanen [20] reported that post implantation annealing at different temperatures up to 600°C induces solid phase epitaxial regrowth leading to the recrystallization of the damaged SiGe matrix. However, although a few investigations on the electrical properties of deep level states in Er doped Si and on the structural properties of defects in Er doped unstrained Si 1-x Ge x have been published in the literature [4, 5] , to our knowledge, there has been no report on electrically active deep levels in Er doped SiGe or on structural properties of defects in Er doped strained Si 1-x Ge x .
In this paper, 160 keV erbium implanted in epitaxially grown p-Si 1-x Ge x samples has been investigated, both after implantation and after anneals designed to restore the sample crystallinity.
In order to investigate the physical nature of the defects introduced by Er implantation, we have compared their electrical properties to those introduced during 5.4 MeV alpha particle irradiation, electron beam metal deposition and plasma etching. We also provided experimental evidence for the effect of the implantation-induced strain in p-Si 1-x Ge x on the electronic properties of implant-related defects. In addition we report on the photoluminescence of Si 1-x Ge x : Er prepared by ion implantation.
The paper is organized as follow: In Sec. II we present the growth process, the thickness and composition of our Si 1-x Ge x samples. The experimental conditions and the procedure that were used to implant the erbium as well as the different techniques used for the characterization of Er implanted Si 1-x Ge x samples are also presented in Sec II. Section III describes the results obtained from structural, electrical and optical characterization of the Er implanted Si 1-x Ge x films, and comprises a discussion. A comparison between the structural, electrical and optical properties will be also discussed in Sec III. In Sec IV, we summarize our paper.
II. Experimental
The Si 1-x Ge x layers studied here were grown by chemical vapor deposition (CVD).
The deposition temperature was between 600 and 625 °C. A lightly boron doped (4-6×10 16 cm -3 ) Si buffer layer was first grown on the (100) p + silicon substrates. The epilayers of constant composition (0 < x < 0.15) are pseudomorphically strained: the thickness of the layers with a nominal Ge content of 5%, 10% and 15% is 380, 386 and 280 nm respectively, which is below the experimentally [21] and theoretically [22] calculated critical layer thickness (h c ). From high resolution X-ray diffraction (HRXRD) measurements, it was confirmed that there is no lattice relaxation in the as-grown p-Si 1-x Ge x epilayers. The structural properties and crystalline quality of the Si 1-x Ge x samples were investigated by HRXRD and Rutherford backscattering and channeling spectrometry (RBS/C). The RBS/C results yield a precise value for the actual Ge content in the layer as well as for the layer thickness. The strain present in the Si 1-x Ge x films was measured using HRXRD in θ-2θ geometry, using Cu-K α1 radiation (λ = 1.54056 Å). One should consider two contributions to the strain, i.e., the strain in the pseudomorphic Si 1-x Ge x films due to the lattice mismatch between Si 1-x Ge x and Si (initial strain) and the additional elastic strain induced by the Er implantation (additional strain). The depth profile of the implantation-induced lattice damage was studied with RBS/C using a 1.57 MeV He + beam.
The scattering angle of the detected particles was 105 degree. After implantation, a set of samples was annealed for 30 s at a temperature of 850°C in a rapid thermal annealing (RTA) set-up under a nitrogen flux. The electrical properties of the erbium implantation-induced defects in the Si 1-x Ge x epilayers were studied by deep-level transient spectroscopy (DLTS) [23] using a lock-in amplifier (LIA) based system. The apparent activation energy (E t ) in the band gap and the apparent capture cross section (σ a ) of the defects were determined from Arrhenius plots of ln (T 2 /e) versus 1/T where e is the emission rate at a temperature T. The DLTS measurements were recorded at a LIA frequency of 46 Hz, a quiescent reverse bias (V r ) of 1V and a filling pulse (V p ) of 1.6 V. We estimate error bars of ±10 meV for the absolute apparent activation measurements.
Photoluminescence measurements were performed at room temperature. The excitation of the samples is achieved by a Nd:Yttritium-aluminium-garnet laser operating at 532 nm via a 200 μm core optical fiber with a power density of ~5 Wcm -2 . The luminescence, collected by six surrounding fibers, is analyzed in a 0.25 m spectrometer with a liquid-nitrogen cooled InGaAs detector.
III. Results and discussion
A Structural characterization x Ge x films. This fact strongly suggests that the Er ions implantation with a given fluence produces the same additional strain regardless the concentration of Ge. This result is consistent with that reported earlier in Ref [24] which state that the initially uniform strain of the Si 1-x Ge x films does not affect the implantation-induced strain generated by Si irradiation.
In Fig. 6 , we have plotted the theoretical perpendicular lattice parameter according to Vegard's law for both fully strained and fully relaxed Si 1-x Ge x alloy (solid lines). The Poisson ratio used to extract the theoretical perpendicular lattice constants for Si 1-x Ge x films is calculated by using a linear dependence on Ge-content, where the Poisson ratio at 300 K for Si and Ge are 0.28 and 0.26, respectively [25] . In addition, the experimentally measured perpendicular diffraction peak after RTA is broadened, which can either correspond to an increase of threading dislocation density or to a gradual strain profile after post-implantation annealing.
An attempt will be made to correlate the structural properties of defects and strain as determined by RBC/C and HRXRD to the electrical properties determined by the DLTS measurement in the following section. defects. Since HEr1 is only observed in Si 1-x Ge x samples with higher Ge content, it could be a Gerelated defect introduced by Er implantation.
B Electrical characterization
In order to elucidate the origin of the defect levels, the DLTS spectra of the Er implanted Scandium (no shielding of secondary electrons) [27] , and (c) by 5.4 MeV alpha particle irradiation [27] . The electron fluence on the Si 1-x Ge x sample was estimated by measuring the current through the sample holder during EBD. It is quite obvious that the two major defects HEr2 and HEr3 detected after Er implantation are similar to He2 and He3 detected after EBD and Hal2 and Hal3 detected after alpha particle irradiation, respectively. In Fig. 9 , we show the variation of the defect activation energy as a function of the Ge content for Er implanted p-Si 1-x Ge x , along with the measured activation energy of the main defects in EBD and alpha particle-irradiated p-Si 0.947 Ge 0.053 .
This comparative study of E T variation clearly demonstrate a good similarity between the three different processes. This comparison demonstrates that these defects are not Er-related but solely related to implantation-induced damage and primary defects.
To explain why EBD creates similar defects compared to 5.4 MeV alpha particles and Er implantation, the mass and energy of these ions have to be considered. Unlike MeV He ions, the ebeam evaporators utilize electrons with energies of between 2 and 20 keV to melt the metal. It is generally believed that defects introduced during EBD of metal Schottky contacts are due to ionized residual vacuum gases generated by collision between the gas particles and the electron beam in the EBD chamber. The defects can also be caused by heavier positive ion of the metal, because of the negative accumulated charges at the surface of the substrate [28] . It has also shown that when the electrons strike the molten metal, X rays of various energies and intensities are produced. During evaporation, these X rays will irradiate the substrate on which the metal is deposited [28] . These X rays are intense enough to induce defects in the p-Si 1-x Ge x films. Apart from the X rays, stray electrons from the filament (the primary source of high energy electrons), as well as electrons backscattered from the molten metal target and elsewhere in the vacuum chamber, will also reach the p-Si 1-x Ge x substrate [28] . Following the above arguments, it is worthwhile noting that EBD produced similar defects as those introduced by Er implantation and alpha particle irradiation. The physical structure of the defects is independent of implanted species and strongly depends on the mass and amount of energy deposited through elastic recoils.
To further confirm that the defects introduced by Er implantation are not Er-related defects, DLTS depth profiling was performed by recording spectra at fixed V r but incrementing V p in small steps from one scan to the next. The approach of Zhota et al. [29] was used to obtain the defect concentration as a function of depth below the surface. Figure 10 illustrates the depth profiles of the major defect (HEr2) detected in p-Si 0.947 Ge 0.053 after Er implantation and defect He2 observed after e-beam deposition which is believed to be the same defect as HEr2. Both depth profiles have a similar shape but different concentrations. The defect HEr2 has a maximum concentration of 7.8 × 10 14 cm -3 at a depth of 66 nm and is observed to extend 150 nm below the surface, while He2 has a maximum concentration of 7 × 10 15 cm -3 at 50 nm below the surface. Because 160 keV Er penetrates the Si 1-x Ge x to 60 nm below the surface, it is believed that interstitials and vacancies created in this damaged "near surface" region diffuse into the material forming pairs and complexes. However, the defects introduced after Er implantation have a lower defect concentration, which is due to the lower implantation fluence (1 × 10 10 Er/cm 2 ). Moreover, both depth profiles of HEr2 and He2 are in good agreement with the SRIM simulated vacancy profile (Fig. 10 ). This comparison further supports that the defects introduced by Er implantation are not related to Er but only to implantation-induced damage.
In previous work [30] we have showed that increasing the Ge content led to a decrease in the activation energy of the defect He2 and this decrease followed the same trend as the band-gap variation, suggesting that this defect detected in p-Si 1-x Ge x is the same as that observed in p-Si.
Taking the band gap change into account and assuming that the majority of the band gap change is taken up in the valence band [26] , it was speculated that the defects HEr2 and HEr3 detected in Using low electric field conditions [V r =0.5V, V p =0.5V], we determined the activation energy and apparent capture cross section of HEr1. Figure 12 shows the Arrhenius plots of the main defects detected in the low fluence and high fluence Er implanted p-Si 1-x Ge x, samples with various Ge contents. The signatures of the defects are summarized in Table I . From Fig. 12 and Table I, where we compare the DLTS signature of defects introduced after high and low fluence implantation as well as after annealing, one can summarize and interpret the above results as follow:
-First: for high Er fluence implantation (3 × 10 13 cm -2 ) the composition related change in the activation energies of HEr is virtually the same as the corresponding change in the band gap of the strained Si 1-x Ge x and indicates that such level is pinned with respect to the conduction band.
-Second, for a given Ge content, it seems that the induced strain results in a red shift of the activation energy. From SRIM, the calculated ion profiles show a Gaussian Er distribution with a projected range of 60 nm. Since the additional strain is caused by the defect distribution, the maximum defect concentration and consequently the maximum strain is localized close to the surface, i.e. embedded in the depletion layer and hence within the region probed by DLTS.
As already mentioned before, the maximum value of implantation-induced strain in the SiGe samples implanted with higher Er fluence is higher than that of low fluence and this additional value of strain is the same for all Ge content. This different strain value results in a reduction of the band gap of the epitaxial SiGe material [35] . For instance, the defect HEr (0.45 ± 0.01 eV) and [31] . According to the decrease of the band gap of pseudomorphic Si 1-x Ge x with increasing strain by increasing Ge content [31, 35] , and the fact that the shift is almost independent of the Ge content, the shift for a given Ge content of about ∼35 meV corresponds to a change in biaxial strain in the Si 1-x Ge x film of 2.94 ×10 -3 . This result indicates that Er + implantation-induced perpendicular elastic strain in the pseudomorphic Si 1-x Ge x lattice and leads to ∆E a /∆ε ≈ -11.9 eV/unit strain, where ∆E a and ∆ε are the difference in the activation energy and the change of strain, respectively. Interestingly, this strain value of about 2.94 × 10 -3 agrees with the above mentioned difference of the maximum strain value (3.4 × 10 -3 ) between HF and LF Er implanted Si 1-x Ge x as determined from HRXRD. This is slightly larger than the value of 1.6×10 -3 determined from the shift of the main XRD peak between HF and LF Er implanted Si 1-x Ge x for a given Ge content. It must be noted that the strain value of the epitaxial layer varies as we go from the surface into the bulk of Si 1-x Ge x (i.e. the local implantationinduced strain is biggest near the maximum distribution of defect and smallest outside. The value (0.5-0.6) × 10 -4 which is the strain difference between the low and high Er fluence is therefore an average value, and the strain in the depth region studied by DLTS could be very different from this average value.
We now investigate the influence of RTA of Er implanted p-Si 1-x Ge x . Curve (c) of the inset of Fig. 11 taken from high fluence Er implanted p-Si 0.898 Ge 0.102 clearly illustrates a broadening of the DLTS peak and an asymmetric DLTS peak shape. From HR-XRD, we have shown that after RTA of the high fluence Er implanted p-Si 1-x Ge x (x =0.102 and 0.154), the epilayers are partly relaxed. It can be expected that relaxation is accompanied by the generation of threading dislocations within the SiGe layer [37] and clusters and extended defects can be created [38] . Since these defects overlap in the DLTS spectra, it is difficult to resolve the positions of these peaks accurately. Figure 13 shows the photoluminescence spectra measured at 300 K for all Si 1−x Ge x samples (0≤×≤0.154) implanted with 3 × 10 13 Er/cm -2 followed by RTA at 850 °C for 30 s. The spectra consist of a dominant sharp line at 1.542 μm accompanied by some high-energy features. It is generally assumed that the dominant sharp line at about 1.54 μm is the transition from the lowest 4 I 13/2 state to the lowest ground state of 4 I 15/2 . Neither the Ge content nor the strain influences the peak position and the emission intensity of these samples.
C. Optical characterization

IV. Summary
Erbium implantation-induced defects in strained, epitaxial p-type DLTS measurements confirmed that that erbium-implanted p-Si 1-x Ge x epilayers introduced two prominent defects with discrete energy levels for all x values. The two major defects HEr2 and HEr3 have an activation energy which changes with increasing Ge content according to the band gap variation of the SiGe, indicating that the defects HEr2 and HEr3 are pinned to the conduction band, while the HEr1 defect is pinned to the valence band.
From a comparison of the DLTS "signatures" of Er implanted samples to those of e-beam deposition, argon plasma etching and alpha particle irradiation of the same material, it is shown that the defects introduced by Er implantation are similar to those introduced by alpha particle irradiation and electron beam metal deposition. This result indicates that the defects introduced by
Er implantation are related primarily to implantation-induced damage and Frenkel pairs which are mobile at room temperature to form stable defects such as point defects (i.e. vacancies and interstitials). 
